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C/5 ' ABSTRACT 

^ IGR J17361-4441 is a newly discovered INTEGRAL hard X-ray transient, located in the globular cluster NGC6388. We report here 

the results of the X-ray and radio observations performed with Swift, INTEGRAL, RXTE, and the Australia Telescope Compact Array 
(ATCA) after the discovery of the source on 2011 August 11. In the X-ray domain, IGR J17361-4441 showed virtually constant flux 
and spectral parameters up to 18 days from the onset of the outburst. The broad-band (0.5-100 keV) spectrum of the source could be 

s , ....... . ...... , - -< ...... , 

Ecut— 25 keV) and displayed some evidence of a soft component below ~2 keV. No coherent timing features were found in the RXTE 
data. The ATCA observation did not detect significant radio emission from IGR J17361-4441, and provided the most stringent upper 
limit (rms 14.1 yujy at 5.5 GHz) to date on the presence of any radio source close to the NGC6388 center of gravity. The improved 
position of IGR J17361-4441 in outburst determined from a recent target of opportunity observation with Chandra, together with the 
X-ray flux and radio upper limits measured in the direction of the source, argue against its association with the putative intermediate- 
mass black hole residing in the globular cluster and with the general hypothesis that the INTEGRAL source is a black hole candidate. 
IGR J17361-4441 might be more likely a new X-ray binary hosting an accreting neutron star. The ATCA radio non-detection also 
permits us to derive an upper limit to the mass of the suspected intermediate massive black hole in NGC6388 of <600 Mq. This is a 
factor of 2.5 lower than the limit reported previously. 
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2.1. INTEGRAL 



On 

We anal yzed all the availab le data for the IBIS/ISGRI (20- 
150 ke V iLebrun et alj 120031) and for the JEM-X telescope (5- 

IGR J 1736 1-4441 wa s discovered by the I BIS/ISGRI telescope 20 keV, iLund et all 120031) onboard INTEGRAL that were per- 

dUbertini et al.ll2003l) onboard INTEGR AL (IWinkler et al.ll2003l) formed in the direction of IGR J 1 736 1 -444 1 from 20 1 1 August 

• , on 201 1 August 1 1 dGibaud et al.ll201 lb . The source was located 1 1 (rev. 1078) to 201 1 August 29 (rev. 1083). Data analysis was 

^ ■ in the direction of the globular cluster (GC) NGC6388 and de- carried out by using version 9.0 of the OSA software distributed 

H ; tected at an X-ray flux of 9.7x10 " erg cm 2 s 1 (20-100 keV). by the ISDC dCourvoisier e t alJ l2003h . In Fig. Q] we show the 

Follow-up observations carried out with Swift and Chandra IBIS/ISGRI mosaicked significance map around IGR J 17361 - 

dFerrigno et all 1201 lbt iPoolev et al.ll201 ll) provided a first de- 4441 in the 20-100 keV energy band (total exposure time 

scription of the source X-ray emission in the soft energy band -500 ks). In this mosaic, IGR J 1736 1-4441 is detected at a sig- 

(0.3-10keV), a refined source position at RA = 17:36:17.418, nificance level of 15 cr at an average flux of 1.2xl0" 10 erg/cm 2 /s. 

Dec = -44:44:05.98 (J2000; the nominal Chandra positional ac- The corresponding IBIS/ISGRI spectrum is discussed later in 

curacy is 0.6 arcsec, 90% c.l.) and confirmed its localization in Sect. |33] From rev. 1078 to 1083, IGR J 1736 1-4441 was in- 

NGC6388. In the past, several X-ray observational campaigns side the field of view (FOV) of the X-ray monitor onboard 

have been carried out in the direction of this GC, as it is believed INTEGRAL, JEM-X, only for a total effective exposure time of 

to host an intermediate- mass black hole (IM BH) at its center of 17 ks and was not detected. We derived a 3 cr upper limit to the 

gravity (hereafter COG: lLanzoni et alj|2007b . Here we report on 3-35 keV X-ray flux from IGR J 1736 1-4441 of 3.8 mCratQ (cor- 

the analysis of all the available X-ray data collected during the responding to l.lxlO" 10 erg/cm 2 /s). This is compatible with the 

first 18 days of the outburst observed from IGR J 1736 1-4441, 

and use a simultaneous observation in the radio domain with the 1 Calculated by using the calibration observation of the Crab in satel- 

ATCA telescope to investigate the nature of the source. lite rev. 967 (from 2010 September 13 to 15) 
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Fig. 1. IBIS/ISGRI FOV around IGR J17361-4441 (20-100 keV 
energy band). We used data from rev. 1078 to 1083. The hori- 
zontal band on the bottom of the image shows the colour-coded 
significances in the mosaic expressed in units of <x. 

value expected based on the broad-band spectral properties of 
the source (see Sect. 12. 3t . 

2.2. RXTE 

A follow-up observation of IGR J 1736 1-4441 was performed 
with the PC A onboard RXTE dBradt et al.ll 1993b on 201 1 August 
17 (total exposure time 1.6 ks). The pointing was carried out 
with an offset of ~0.53 degrees from the nominal position of 
IGR J 1736 1-4441 to limiQ the contamination from the bright 
nearby low mass X-ray binary 4U 1735-444. The good time 
intervals were based on a maximum offset from the source 
of 0.55 degrees, a minimum elevation of ten degrees over the 
Earth limb, an electron ratio lower than 0.2, and at least ten 
minutes having passe d since the SAA passage (see also, e.g. 
iFerrigno et al.l 201 lab . We analyzed the PC A event mode data 
in the GoodXenon configuration, which has a time resolution 
of 0.96/ks and selected all events from the PCU 1, 2, and 4 
(PCU0 suffered a breakdown during the observation). The event 
arrival times were all barycenter-corrected to the Solar System 
center-of-mass using the available tool faxbary and the most- 
accurately determined source position in Chandra data (see 
Sect. [TJ. We constructed a power density spectrum after accu- 
mulating light curves in bins of 0.49 ms, so that frequencies of 
up to ~ 1 kHz could be explored when searching for coherent sig- 
nals (see Fig. |2j. To maximize the frequency resolution, we used 
a single interval to compute the fast Fourier transform (FFT). 
We did not find any signi ficant peak at a 3cr c .l. (we followed 
the approach described in Vaughan et al. I fl99i . The high back- 
ground level of the PCA observation and the contamination from 
4U 1735-444 did not permit an accurate estimation of the cor- 
responding pulsed fraction upper limit. 

2 By using archival PCA observations, we estimated an aver- 
age on-axis count-rate over three active PCUs of ~ 1400cts/s for 
4U 1735-444. Therefore, this source might contribute up to ~25% 
of the signal from the observation of IGR J17361-4441, which has a 
background- subtracted count-rate of ~ lOcts/s. 



100.00 = 




Fig. 2. Power spectral density obtained from the PCA events of 
PCU 1,2, and 4 (we used a single time interval with bins of 
0.49 ms). The dashed line represents the 3<x limit for detection 
of coherent signals. 



2.3. Swift 

Swift /XRT monitored the outburst of IGR J 1736 1-4441 start- 
ing from 2011 August 16 for about 18 days (the last obser- 
vation considered here was carried out on 2011 September 2 
at 06:10 UTC). We processed all the S wift /XRT data with 
standard procedures dBurrows et al. 2005) and the latest cal- 
ibration files available (caldb v. 20110725). All observations 
were performed in photon-counting mode (PC, time resolution 
2.5 s). The data an alysis technique tha t we used is the same 
as that described in iBozzo et all d2009l) . All the XRT spectra 
extracted from the available observations could be well accu- 
rately reproduced by using an absorbed power-law model with 
N H -(0.2-0.5)xl0 22 cirT 2 and F-0.5-0.9. During this period, 
the source displayed a virtually constant X-ray flux of (4.5- 
4.8)xl0~" erg/cm 2 /s (1-10 keV not corrected for absorption). 
The XRT lightcurve of the outburst is reported in Fig. [3] By us- 
ing the Swift /XRT on-line analysis toofl with all the XRT data 
available in the direction of NGC6388, we also determined the 
new XRT position of IGR J 1736 1-4441 to be RA=17:36:17.27, 
Dec=-44:44:07.0, with an associated uncertainty of 1.9 arc- 
sec (90% c.l.; see Fig. [p. This is con sistent with the position 
reported previously by Ferri gno et al.l d201 lb|) an d the refined 
Chandra position reported by iPoolev et alJ d201 ll) . We studied 
the broad-band spectral properties of the X-ray emission from 
IGR J 1736 1-4441 by combining XRT data carried out before 
2011 August 29 with those obtained during the same period 
with ISGRI (rev. 1078 to 1083). The joint XRT+ISGRI spec- 
trum is shown in Fig. [4] We fit the two spectra together by using 
an absorbed power-law (PL) model with a cut-off at high en- 
ergy (cutoffpl in Xspec). A blackbody component (BB) was re- 
quired to take into account the residuals at the lower energies 
(<2 keV). A normalization constant (fixed to 1 for the XRT 
spectrum) was included in the fit to account for the intercali- 
bration between the different instruments and the variability (if 
any) of the source. From the fit Ot 2 ed /d.o.f. =0.95/269), we esti- 
mated that JV H =0.8+0.1 erg/cm 2 / s,Y= 1.0+0.1, E cut =24+ 2l) keV, 
kT BB =0.076+0.005 keV, and R BB = l-4;^xl0 3 d 10 kpc km 
(where E cut is the cut-off energy, d\o kpc is the source distance 
in units of 10 kpc, and all the uncertainties are given at the 90% 
c.l.). The normalization constant used for ISGRI turned out to be 

3 See http://www.swift.ac.uk/user_objects/; see also Eva ns et al.l 
(2009). 
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Fig. 3. Lightcurve of IGR J 1736 1-4441 as observed by 
Swift/XRT (0.3-10keV). The bin time is 250 s and the start time 
is 2011 August 16 at 17:01 (UTC). 
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Fig. 4. Broad-band spectrum of IGR J 1736 1-4441 obtained by 
using data from Swift /XRT and INTEGRAL /ISGRI. The best-fit 
model (absorbed cut-off PL plus a BB component, see text for 
details) and the residuals from this fit are also shown. 

C=1.2^gg and no significant changes in the spectral fit param- 
eters were observed by fixing C=\. The source average X-ray 
flux was (4.6^y 5)xl0 -11 erg/cm 2 /s in the 1-10 keV energy band 
and 7.8^xl0- n erg/cm 2 /s in the 20-100 keV energy band. 
Compatible results were obtained by fitting the RXTE /PC A 
spectrum with the model described above. The 3-15 keV X- 
ray flux measured from the PCA was 6.7^xl0~ n erg/cm 2 /s, 
i.e. slightly higher than that extrapolated from the XRT energy 
band. Part of this discrepancy might be due to the limited time 
range spanned by the PCA data with respect to XRT and ISGRI, 
and possible contamination of the nearby bright persistent low 
mass X-ray binary 4U 1735-444 (located ~0.5 deg away from 
IGR J17361-4441, see also Sect.|Z2]i. 

2.4. ATCA 

To hel us establish the nature of IGR J17361-4441, we also ob- 
tained on 2011 August 25 a 8 h-long target of opportunity ob- 
servation (ToO ) with the A ustralia Telescope Compact Array 
(ATCA; I Wilson et al.ll2011l) in configuration 6D (baseline is 6 
km). The observation was conducted with a 2 GHz bandwidth 
centered around 5.5 GHz, 9 GHz, 17 GHz, and 19 GHz. The to- 
tal integration time was about 5.3 h for the two lower frequencies 
(observed simultaneously) and 2.7 h for the higher frequencies 
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Fig. 5. Close view of the Chandra archival image (OBSID. 
5055; 0.5-10 keV) around the core of NGC6388. In the image, 
black circles corres pond to all t he Chandra sources detected so 
far in quiescence bv lCseh et al.l (position uncertainty 0.5 arcsec; 
2010). The blue circle represents the COG of the GC (position 
uncertainty 0.3 arcsec). The improved XRT position determined 
in the present work is indicated with a red circle (see Sec t. 12. 3t . 
and the Chandra position reported bv lPoolev et al.l (1201 ll) is rep- 
resented with a green circle. 



(observed simultaneously). Natural-weighted images were made 
from the ATCA data, with FOVs (FWHM) of 8.5, 5.2, 2.8, and 
2.5 arcmin, and synthesized beam sizes (FWHM) of 4.5x1.8, 
2.7x1.1, 1.7x0.6, and 1.5x0.5 arcsec at 5.5, 9, 17, and 19 GHz, 
respectively. No significant radio emission was found around the 
X-ray position of IGR J17361-4441. The rms noise levels of the 
images were 14.1 /Jy, 19.0 fiiy, 20.0 (jjy, and 21.2 yuJy for the 
5.5 GHz, 9 GHz, 17 GHz, and 19 GHz frequencies, respectively. 
The rms noise level corresponding to the image in the 5.5 Ghz 
fre quency is a factor of ~2.5 lower than that reported previously 
bv lCseh et ail d2010l see also Sect. 131. 



3. Discussion 

The X-ray monitoring campaign triggered after the discovery 
of IGR J 1736 1-4441 with INTEGRAL, has enabled us to signif- 
icantly improve the accuracy of the source position, and con- 
firm its location within the core of the GC NGC6388 (the COG 
of the GC has coordinates RA=17:36: 17.23, Dec=-44:44|0 7.1; 
the estimated uncertainty is 0.3 arcsec; lLanzoni et al.ll2007l see 
also Sect. 12.3b . The XRT data have helped us to demonstrate 
that the source remained at a virtually constant flux during the 
first 18 days after the onset of the outburst, and did not dis- 
play any significant spectral variability. We have been able to 
fit the broad-band (0.5-100 keV) spectrum of the source reason- 
ably well using a cut-off PL model (/Y H -0.8xl0 22 cirT 2 , T^O.7- 
1.0, and Zicut-25 keV) and displayed some hint of a soft spectral 
component below ~2 keV. The estimated flux in the 1-100 keV 
energy band is 1.7xl0~ 10 erg/cm 2 /s, which corresponds to a 
luminosit y of L x ^3.6xl0 36 erg/s at the distance of NGC6388 
(13.2 kpc; |Palessandro etap2008l) . 

The GC NGC6388 was previously observed with Swift, 
XMM-Newton, and Chandra, b ecause it is believ ed to host 
an IMBH in its COG (see also, iNucita etal]|2008l and refer- 
ences therein). To date, the deepest X-ray observati ons of the 
GC w ere carried out with Chandra and reported by ICseh et aT] 
These authors found a number of sources located close 
to the core of the GC (sources #3, #7, and #12), with spec- 
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tral properties similar to those of the X-ray binaries^, and av- 
eraged quiescent luminosities of Lx-10 32 -10 33 erg/s. The rel- 
atively small uncertainty in the position of IGR J17361-4441, 
as determined than ks to the Chan dra observation of the source 
carried out by Poo lev et al.l d201 ll) . suggests that the newly dis- 
covered INTEGRAL transient is associated with neither the ob - 
jects detected previously in quiescence by ICseh et aTl (1201 Oh . 
nor the COG of NGC6388 (see Fig. |5). The quiescent lumi- 
nosity of IGR J 1 736 1 -444 1 can thus be estimated at ~10 31 erg/s 
dPoolev etal.ll201ll) . and is ~10 5 times lower than it was at out- 
burst. The radio observation discussed in Sect. 12.41 showed that 
the large increase in the X-ray luminosity from IGRJ17361- 
4441 in outburst was not followed by any re-brightening in the 
radio domain. If we were to use our results obtained at 5.5 GHz 
and assume a distance to the source of 13.2 kpc, the rms level 
of 14.1 fiJy derived in Sect. 12.41 from the ATCA data would 
translate into a 3cr upper limit on the radio luminosity from 
IGR J 1736 1-4441 of L R <5 xl0 28 erg/s (we adopted the same 
calculation procedure as in ICseh et al.ll2010l see their Sect. 4). 
Assuming that the empirical relation between the mass of a BH 
and its radio and X -ray luminosity (the so-called "black-hole 
fundamental plane" iMerloni et alTl2003t iKording et all [2006) 
applies also in the present case, the measured values of Lx and 
Lr do not seem to be compatible with IGR J 1736 1-4441 being 
a black-hole candidate (BHC) source, as the maximum allowed 
mass for this source would be far too low relative to expectations 
for these systems (^Mq). 

As the broad-band spectral properties of the source discussed 
in Sect. 12.31 are reminiscent of what is observed for some X- 
ray binaries hosting accreting neutron stars (NSXRBs; see e.g., 
Psaltisl 12004 for a review), we propose that an alternative pos- 
sibility is that IGR J17361-4441 belongs to this class of objects. 
Highly magnetized (~10 12 G) NSs in high mass X-ray binaries 
(HMXBs) usually display in outburst X-ray spectra compris- 
ing a relatively flat absorbed power-law (F^O.5-1.0) component 
plus a cut-off at higher energies (~10-50 ke V, sometimes relate d 
to the strength of the NS magnetic field; ICoburn et ail 12002). 
Soft excesses (<2 keV) are also observed from these sources in 
both quiescence and outburst, which are ascribed to either an ac- 
creti on disk or a diffus e cloud around the compact object (see 
e.g.,|Hickox et al. 2004). Alternatively, a hot spot on the star can 
also give rise to a BB component in the spectrum with typical 
kT~0.3-l keV. Given the results suggested by the XRT data anal- 
ysis (/?bb-1000 km), the first case would probably be the most 
likely one for IGR J 1736 1-4441. However, at odds with typical 
HMXBs in outburst, the new transient source did not display any 
pronounced variability in the X-ray emission on time-scales of 
neither a few hundreds of seconds (as in wind accreting systems) 
nor days (as in disk accreting systems). The relatively young 
age of typical HMXBs (few 10 6 yr) compared to that expected 
for the sources hosted in a globular cluster would also help us 
to exclude this hypothesis (t he age of NGC63 88 has been esti- 
mated to be around 10 10 vn lMoretti et al.ll2009l) . For this reason, 
IGR J17361-4441 might be more easily associated with a low 
mass X-ray binary (ages >10 8 yr), even though these objects 
usually have softer spectra in the X-ray domain (r~ 1.5-2). The 
lack of any pulsation in the RXTE data could also not be used 
to firmly establish the presence of a NS in IGR J 1736 1-4441. 



4 Source #3 appeared to be rather soft and possibly compatible with 
being a cataclysmic variable. We do not discuss here this hypothesis 
for IGR J17361-4441 as its X-ray luminosity seems to be far too high 
with respect to th at typically observed from these objects (see e.g., 
Heinke et al. 20Ql). 



As suggested by Wiinands e t al.l (1201 ll) . a different possibility 
is that IGR J 1736 1-4441 is a very fain t X-ray transient (VFXT; 
Wiinands et al. 2006; Campana 2009). These objects have sim- 
ilarly hard spectra (F~0.6-l), and might emit a relatively stable 
X-ray flux in outburst even f or a few years (see, e. g., the case 
of XMMUJ174716.1281048; lDel Santo et ail 12001. However, 
these sources typically have a lower X-ray luminosity (in the 
range 10 34 -fewxl0 35 erg/s) that that measured for IGR J17361- 
4441 . Further observations of this new INTEGRAL transient with 
sensitive X-ray telescopes in the next few months might help us 
to understand the real nature of IGR J 1736 1-4441. 

Finally, we note that, as IGR J17361-4441 seems to be a new 
X-ray source in NGC6388 and not associated with the IMBH 
possibly residing at its center, the ATCA upper limit derived in 
Sect. 12.41 gives a significantly tighter constraint of the allowed 
mass for this object with r espect to those rep orted previously. 
Following the discussion in Cseh et al j (120101) . we assume that 
the quiescent X-ray luminosity of the IMBH is that determined 
by these authors with Chandra and consider the updated Lr pro- 
vided b y our ATCA ToO observation. Inserting these values into 
Eq.2 of ICseh et al.l (1201 Ol) and taking into account the intrinsic 
scatter in the fundamental plane relation, the newly derived up- 
per limit to the IMBH mass is M<600 This is a factor of 
2.5 smaller than that reported bv lCseh et al.l (12010). 
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